ABSTRACT: Metal-halide perovskite-based tandem solar cells show great promise for overcoming the Shockley−Queisser single-junction efficiency limit via low-cost tandem structures, but so far, they employ conventional bottom-cell materials that require stringent processing conditions. Meanwhile, difficulty in achieving low-bandgap (<1.1 eV) perovskites limits all-perovskite tandem cell development. Here we propose a tandem cell design based on a halide perovskite top cell and a chalcogenide colloidal quantum dot (CQD) bottom cell, where both materials provide bandgap tunability and solution processability. A theoretical efficiency of 43% is calculated for tandem-cell bandgap combinations of 1.55 (perovskite) and 1.0 eV (CQDs) under 1-sun illumination. We highlight that intersubcell radiative coupling contributes significantly (>11% absolute gain) to the ultimate efficiency via photon recycling. We report an initial experimental demonstration of a solution-processed monolithic perovskite/CQD tandem solar cell, showing evidence for subcell voltage addition. We model that a power conversion efficiency of 29.7% is possible by combining state-of-the-art perovskite and CQD solar cells.
W ith significant cost reductions over the past decade, photovoltaic solar cells are now well positioned to provide one of the most economically affordable options for future energy generation. Improvements of solar cell power conversion efficiencies (PCEs) play a critical role in strengthening this position. The current photovoltaic industry is dominated by conventional single-junction silicon (Si) solar cells that exhibit practical efficiencies of up to ∼25%, and further efficiency enhancements are constrained by the Shockley−Queisser (SQ) limit of ∼30%.
1−3 The industry seeks alternatives to go beyond this threshold. One of the most effective ways to overcome this constraint is to use a tandem configuration formed by a series of subcells with descending bandgaps, so that photons from the solar spectrum with different energies can be selectively absorbed and converted by the subcells most efficiently. High-efficiency tandem solar cells with 1-sun efficiencies of up to ∼39% have been demonstrated. 4, 5 However, these cells are based on III−V semiconductors manufactured by highly expensive processes such as epitaxy. 5, 6 Producing efficient tandem cells using low-cost methods remains a challenge. 2, 6 With the steep increase of efficiencies in recent years, metalhalide perovskite solar cells have shown great potential to become a low-cost alternative to conventional photovoltaics. 2, 7, 8 While single-junction perovskite and perovskite/ perovskite tandem cells have already been demonstrated, 9−11 it is important to note that the near-infrared (near-IR) photons are not effectively captured by such devices due to the limited bandgap tunability of the perovskite material family. Therefore, the best perovskite/perovskite and perovskite/organic tandem solar cells only utilize photons with wavelengths shorter than ∼1000 nm (E photon ≳ 1.24 eV). 11−13 The stability issue of the tin-based perovskite used to obtain the low bandgap is yet to be overcome. 14−16 Similarly, the absorption edge of perovskite/Si tandem devices is limited to ∼1100 nm (E photon ≳ 1.12 eV, the bandgap of Si). 17−19 Other solution-processed tandems such as organic/organic tandem devices can convert photons with wavelengths of less than ∼900 nm (E photon ≳ 1.37 eV). 20, 21 Due to the broad bandgap tunability of the chalcogenide colloidal quantum dots (CQDs) including lead sulfide (PbS) and lead selenide (PbSe), 22−25 they provide ideal bandgap matching with the perovskite top cells in a tandem structure and can extend the absorption edge further to harvest lower-energy photons ( Figure 1a) . Favorably, both CQD and perovskite material families are known to be highly luminescent. 26−31 We model below that the radiative coupling between the two subcell materials can critically influence the tandem cell performance. We also demonstrate an initial experimental realization of such a solar cell and model the performance of a tandem cell made from the highest-performing perovskite and CQD solar cells available.
The SQ detailed balance model (SQ model) for a singlejunction solar cell assumes that (i) the cell absorbs radiation with photon energies higher than the bandgap from the sun or the surroundings and at the same time radiates to the surroundings (typically assumed to be a hemisphere); (ii) the absorption of each above-bandgap photon creates an electron− hole pair; apart from the generation of photocurrent, the only carrier relaxation process is radiative recombination emitting photons with energies above the bandgap; (iii) the sun and the surroundings are blackbody-like radiators, producing isotropic photon fluxes that can be described by a Planck distribution (or the standard AM1.5G spectrum for terrestrial solar cells); (iv) the active layer establishes a uniform chemical potential during operation to be in thermal equilibrium with the surroundings. 1, 32 Extending these assumptions for a two-junction monolithic perovskite/CQD tandem solar cell, the current density (J) and voltage (V) generated by the tandem cell (J tandem , V tandem ), the perovskite (J pero , V pero ), and the CQD (J CQD , V CQD ) subcells can be described by eqs 1−4. 
Here, E is the photon energy, E pero and E CQD are the bandgaps of perovskite and CQD cells, respectively, Γ(E) is the energydependent distribution of photon flux based on the AM1.5G solar spectrum, q is the unit charge, h is the Planck constant, c is the speed of light, k is the Boltzmann constant, T is the ambient temperature (300 K), and g 1 −g 4 are geometric factors that are influenced by the spatial power distribution of the radiation. For a simple monofacial planar radiator with isotropic radiation, the g value is 1. A planar bifacial isotropic radiator has a g value of 2. Equation 1 describes the current matching condition in a monolithic tandem solar cell, where the two subcells are electrically connected in series. Equation 2 sets the condition for voltage addition of the subcells. In eq 3, the first term gives the photocurrent of the perovskite cell due to the solar irradiation. The second term calculates the additional photocurrent of the perovskite cell by recycling emission from the CQD cell. The third term describes the radiative recombination of the perovskite cell. Similarly, the first term in eq 4 considers 
ACS Energy Letters
Letter the CQD photocurrent from the solar irradiation filtered by the perovskite top cell. The second term evaluates the additional CQD photocurrent contribution due to photon recycling from the perovskite cell. The third term describes the radiative recombination of the CQD cell.
As perovskites and CQDs are luminescent materials, 26−31 it is important to consider the radiative coupling between the two subcells while ensuring current matching for a monolithic tandem cell, as modeled in eqs 1−4. Recycling of emitted photons from solar cells is a strategy for enhancing the PCE. 37, 38 Figure 1b shows the detailed balance limit, calculated for a two-junction solar cell with and without radiative coupling. A maximum efficiency of 43% has been obtained for a perovskite/PbS tandem cell system with radiative coupling between the top and the bottom cells and 37% without. It is interesting to note that the peak efficiencies occur at different bottom-cell bandgaps under two separate assumptions. While a 1 eV bottom-cell bandgap paired with the 1.55 eV perovskite top cell provides the best performance by assuming radiative coupling, 0.8 eV is the optimum bottom-cell bandgap without the coupling. This further emphasizes the importance of bandgap tunability of the bottom-cell material, and CQDs are very suitable for this purpose. Importantly, a significant contribution of radiative coupling to the tandem cell efficiencies is expected for CQD bottom-cell bandgaps of greater than 0.8 eV. The enhancement of PCE due to radiative coupling ranges from ∼11% for an optimum CQD bandgap of ∼1 eV to 20.8% for CQDs with a bandgap just below the perovskite bandgap. This efficiency gain is primarily due to the recycling of luminescence from the perovskite top cell by the CQD bottom cell. As the bandgap of the bottom cell approaches that of the top cell, the efficiency enhancement becomes more apparent as less energy is lost due to thermalization. In other tandem cell configurations where the top and the bottom cells are not closely connected as in a monolithic structure, the radiation from the top cell cannot be effectively coupled into the bottom cell. This means that the >10% efficiency gain due to radiative coupling cannot be utilized in other systems.
As shown in Figure 1d 2 , leading to a 1-sun (AM1.5G) PCE of 43%. We have designed and fabricated the first prototype of a solution-processable perovskite/CQD tandem solar cell, where the top perovskite unit cell absorbs the higher-energy photons and the bottom CQD cell absorbs in the near-IR region. The three main issues addressed in the design of such a multilayer monolithic architecture are (1) high-temperature annealing steps are avoided apart from the very first layer(s), to prevent thermal degradation of successive layers of materials; (2) ideal orthogonal solvents have been carefully selected for sequential deposition, to ensure intact underlying interfaces and layer thicknesses; and (3) a transparent recombination layer between the subcells has been designed, which also serves as a solvent barrier. Bearing these restrictions in mind, we choose a structure (Figure 2a 
Letter trimethylphenyl)amine] (PTAA) (180 nm) spin-coated from the aromatic nonpolar toluene solution, both processed in a nitrogen-filled glovebox. The tunnel junction or interlayer consists of a thin bilayer of MoO x (7 nm) and Ag (0.5 nm) sequentially deposited by vacuum sublimation and a ZnO layer. The sublimation process does not disturb any underlying materials, and the sublimed bilayer can also serve as a solvent barrier for successive depositions. The ZnO layer is formed by spin-coating of ZnO nanocrystals in anhydrous isopropanol in ambient conditions, followed by annealing at 80−100°C for 10−15 min. The solvent used does not dissolve the perovskite and PTAA layers underneath, and the annealing temperature does not cause degradation. No annealing steps are necessary hereafter. The ZnO nanocrystals used are synthesized according to the procedure described in ref 39 and are dispersed in isopropanol with moderate heating before use. The CQDs are deposited in a glovebox by the layer-by-layer solidstate ligand-exchange method adapted from the literature, 24, 25, 40 a process that involves anhydrous isopropanol (instead of the usual acetonitrile, which would dissolve and disintegrate the perovskite layer underneath) as solvent for the ligands (1,3-benzenedithiol and 1,2-ethanedithiol), and nonpolar octane for the CQDs. Finally, the stack is completed with vacuum-deposited MoO x (7 nm) and Au (80 nm) as the top electrode.
Combining our model with experimental data from the literature, we illustrate the tandem cell performance that can be expected in practice based on some of the highest-performing individual cells in Figure 3a . The blue curve in Figure 3a shows the J−V characteristics of a 21.6% PCE perovskite solar cell (E g = 1.55 eV). 41 The red curve shows J−V characteristics of a PbS CQD solar cell, 42 with V OC reduced to account for a lower bandgap of 1.0 eV and J SC estimated by considering only photons not absorbed by the perovskite cell (i.e., E photon < 1.55 eV). The black dotted curve, calculated by considering voltage addition and current matching of the subcells, indicates the postulated PCE for such a monolithic tandem device of 29.7%. Figure 3b presents the EQE profiles of the two individual cells to illustrate the spectral coverage of the tandem cell. Considering that the EQE of the tandem cell would generally follow the EQE profiles of the subcells, these profiles demonstrate extended IR photon absorption beyond 1100 nm. In a fully optimized perovskite/CQD tandem cell, the extended IR response and EQE coverage are expected to outperform other solution-processed tandem solar cells and may find some applications in wide-bandwidth photodetectors. 43, 44 In Figure 3c , we present a preliminary experimental demonstration of the devices. On the basis of the empirical performance of the individual cells obtained in our laboratorya 1.55 eV bandgap perovskite cell with reduced active layer thickness for current matching (blue curve) and a 1.03 eV bandgap PbS cell (red curve)we anticipate a monolithic tandem cell to exhibit a V OC of 1.20 V, J SC of 11.33 mA/cm 2 , fill factor (FF) of 0.57, and overall PCE of 7.8% (Figure 3c black dotted curve and Table 1 ) without considering any radiative coupling to give a conservative estimate. In the a "Thick perovskite" refers to a ∼400 nm active layer, while "thin perovskite" has a thickness of ∼280 nm. The CQD device was prepared using 1.21 eV PbS quantum dots. "Tandem (thick/thin perovskite)" refers to tandem devices fabricated with different perovskite thicknesses. "Projected monolithic tandem" is a semiempirical tandem device projected from the experimental data of an individual 1.21 eV CQD cell and a 1.55 eV thin perovskite cell that we fabricated. "Projected monolithic tandem (SoA)" refers to a tandem device projected from the best state-of-the-art (SoA) CQD and perovskite solar cells from the literature. The experimental results were collected from about 200 devices, from which the best-performing devices were selected.
Letter initial demonstration of the monolithic tandem devices, voltage addition has been observed, with a V OC of 1.17 V (Figure 3c , pink curve) having been achieved from the integration of a "thin" perovskite cell with a V OC of 0.95 V and a CQD cell with a V OC of 0.38 V (Table 1 , Figure 3c ). Although a maximum V OC of 1.31 V was achieved in the perovskite/CQD tandem structure (Table 1) , we observed a trade-off between V OC and J SC during our layer thickness optimization experiments. The significant J SC reduction of the tandem device with a thick perovskite top cell could be due to a combination of poor current matching and a nonideal tunnel junction. We acknowledge the technical challenges associated with the device engineering. In particular, the design and deposition of the tunnel junction need to be optimized. Given the thermal annealing and solvent polarity requirements in the sequential deposition, the types of materials available to choose from for the tunnel junction are limited. In principle, ZnO with another set of characteristics and processing conditions could lead to significant differences in material properties such as conductivity, charge extraction barriers, interfacial recombination rates, and morphology. Investigating the optimum combinations of material and processing conditions is a subject of further study. The existing difficulties currently limit the PCEs to 1.01% (Table 1) for the initial demonstration of perovskite/ CQD monolithic tandem solar cells. In principle, overcoming the extrinsic technical limitations by utilizing a fully optimized structure could lead to an experimental PCE of up to 29.7% (Figure 3a) . In summary, we have proposed a perovskite/CQD tandem solar cell design that allows both bandgap tunability and solution processability. A detailed balance efficiency of 43% has been predicted for a perovskite (E g = 1.55 eV)/CQD (E g = 1.0 eV) tandem cell under standard AM1.5G solar illumination. An intersubcell radiative coupling effect recycles photons generated by radiative recombination, resulting in a significant enhancement (11−21% absolute gain) of the overall efficiency. For widely used high-performance perovskite absorbers with a bandgap of ∼1.55 eV, the tandem structure has the potential to achieve high performance by harvesting near-IR photons. We have reported initial experimental results of a monolithic perovskite/CQD tandem solar cell, showing evidence of voltage addition of the top and bottom cells. SEM images show that our orthogonal solvent processing method is suitable for establishing the monolithic tandem structure. We expect that a 1-sun PCE of up to 29.7% is achievable by integrating state-ofthe-art perovskite and CQD cells into the tandem cell design. The perovskite/CQD tandem structure may find further applications in broadband photodetectors. 
